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stantially incompressible such that, in use, movement 
of the input piston member (24) is transmitted to the out- 
put piston member (30), the piezoelectric element (22) 
being arranged within a second chamber (23) for fluid 
such that fluid pressure within the second chamber (23) 
exerts a force on at least a part of the surface of the 
piezoelectric element (22) which serves to oppose the 
load exerted on the piezoelectric element (22) due to 
fluid pressure within the control chamber (32), thereby 
suppressing distortions in the piezoelectric material. 




(57) An actuator arrangement comprising a piezoe- 
lectric element (22) formed from a piezoelectric materi- 
al, a first end of the piezoelectric element (22) cooper- 
ating with an input piston member (24) slidable within a 
bore (26). A surface associated with the input piston 
member (24) defines, in part, a control chamber (32) for 
fluid, fluid pressure within the control chamber (32) act- 
ing on a surface associated with an output piston mem- 
ber (30). The fluid within the control chamber (32) is sub- 



2 24" 



Printed by Jouve, 75001 PARIS (FR) 



1 



EP 1 096 137 A2 



2 



Description 

[0001] The invention relates to an actuator arrange- 
ment of the type comprising a piezoelectric element. In 
particular, but not exclusively, the invention relates to an 
actuator arrangement for use in controlling valve needle 
movement in a fuel injector. 

[0002] Piezoelectric actuators are used in fuel injec- 
tors to control movement of a valve needle within a fuel 
injector nozzle body, movement of the valve needle be- 
ing used to control the delivery of fuel into an engine 
cylinder or other combustion space. 
[0003] Figure 1 is a schematic diagram of a conven- 
tional piezoelectric actuator arrangement of this type. 
The arrangement includes a piezoelectric stack 10 
formed from a plurality of piezoelectric elements. One 
end of the piezoelectric stack 1 0 abuts a part of a fuel 
injector housing 11, the other end of the piezoelectric 
stack 10 being in engagement with an input piston 12, 
having a diameter d,, which is moveable within a bore 
13 provided in the housing 11. The axial length of the 
piezoelectric stack 1 0 is controlled by controlling the en- 
ergization level of a piezoelectric stack 1 0, the energiza- 
tion level of the piezoelectric stack 10 being controlled 
by applying a voltage across the stack 10. The actuator 
arrangement also includes an output piston 16 having 
a diameter d 0 which is less than the diameter dj of the 
input piston. The output piston 16 is moveable with the 
fuel injector valve needle (not shown), the output piston 
1 6 being exposed to fuel pressure within a control cham- 
ber 14 which is supplied with fuel, in use, either through 
leakage or by means of an appropriate valve arrange- 
ment (not shown). The piezoelectric stack 10 may be 
housed directly within the fuel injector housing 11 or may 
be housed within a chamber in communication with a 
low pressure fuel reservoir or drain. The input piston 1 2 
and the bore 1 3 form a substantially fluid tight seal such 
that, in use, little or no fuel is able to escape from the 
control chamber 14. 

[0004] In use, assuming a substantially constant load 
is applied to the end face of the output piston 1 6 remote 
from the control chamber 14, when the length of the pi- 
ezoelectric stack 10 is increased, the input piston 12 
moves inwardly within the bore 13. As fuel within the 
control chamber 14 is substantially incompressible, the 
volume of fuel within the control chamber 14 remains 
substantially constant during inward movement of the 
input piston 12. As a result, the output piston 16 will be 
displaced by an amount which is greater than the dis- 
placement of the input piston 12 by the ratio dj 2 /d 0 2 . 
[0005] A problem exists in conventional actuator ar- 
rangements of the aforementioned type in that, under 
conditions in which a relatively high actuation force is 
required, fuel pressure within the control chamber 14 
applies a relatively large load to the piezoelectric stack 
through the input piston 12. The relatively large load ap- 
plied to the stack results in a reduced displacement of 
the piezoelectric stack 10. It isthoughtthatthis displace- 



ment suppression is due to domain switching of the pi- 
ezoelectric dipoles which occurs as a direct result of 
uniaxial straining of the piezoelectric material lattice. In 
practice, piezoelectric materials which are relatively 

5 "soft" are often preferred to those which are relatively 
"hard" as it is possible to achieve a greater displacement 
with such materials. However, the displacement of pie- 
zoelectrically soft materials is compromised to a greater 
extent due to domain switching than for relatively hard 

10 piezoelectric materials. Typically, relatively soft piezoe- 
lectric materials exhibit a pronounced displacement 
suppression at uniaxial compressive stresses in excess 
of 40 MPa which, for many applications, does not permit 
a sufficient actuation force, or actuation stroke, to be ob- 

15 tained. 

[0006] It is an object of the present invention to pro- 
vide an actuator arrangement which alleviates the afore- 
mentioned disadvantage. 

[0007] According to a first aspect of the present inven- 

20 tion, an actuator arrangement comprises a piezoelectric 
element formed from a piezoelectric material, a first end 
of the piezoelectric element cooperating with an input 
piston member slidable within a bore, a surface associ- 
ated with the input piston member defining, in part, a 

25 control chamber for fluid, fluid pressure within the con- 
trol chamber acting on a surface associated with an out- 
put piston member, the fluid within the chamber being 
substantially incompressible such that, in use, move- 
ment of the input piston member is transmitted to the 

30 output piston member, the piezoelectric element being 
arranged within a second chamber for fluid such that flu- 
id pressure within the second chamber exerts a force 
on at least a part of the surface of the piezoelectric ele- 
ment which serves to oppose the load exerted on the 

35 piezoelectric element due to fluid pressure within the 
control chamber, thereby suppressing distortions in the 
piezoelectric material. 

[0008] The actuator may include a single piezoelectric 
element or may include a stack of piezoelectric ele- 
40 ments. 

[0009] The invention provides the advantage that lat- 
tice distortions in the piezoelectric material, which would 
otherwise compromise displacement of the piezoelec- 
tric element, are suppressed. In particular, such distor- 

45 tions occur when relatively large loads are applied to the 
piezoelectric element or stack of piezoelectric elements. 
In the present invention, even when the load applied to 
the piezoelectric element is relatively high, displace- 
ment of the piezoelectric element is not compromised 

50 as such lattice distortions are suppressed. 

[0010] The input piston member may have a diameter 
which is greater than that of the output piston member. 
In this case, the output piston member is caused to be 
displaced by a greater amount than the input piston 

55 member. 

[0011] Alternatively, the input piston member may 
have a diameter which is smaller than that of the output 
piston member such that the output piston member is 
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caused to be displaced by a smaller amount than the 
input piston member. This is particularly advantageous 
if the actuator is to be employed in applications where 
only relatively small displacements are required. 
[001 2] The actuator arrangement may include a clear- 
ance passage which permits fluid to escape from the 
control chamber to the second chamber, in use, such 
that fluid pressures within the second chamber and the 
control chamber tend to equalise. The clearance pas- 
sage preferably has a restricted diameter to ensure fluid 
flow from the control chamber to the second chamber 
occurs at a relatively low rate. In this way, any loss of 
the actuation stroke due to the reduction in fluid pres- 
sure within the control chamber as fluid flows through 
the clearance passage is minimised. 
[001 3] The clearance passage may be defined by one 
or more drillings provided in a housing for the actuator 
arrangement. 

[0014] Alternatively, the clearance passage may be 
defined between the input piston member and the bore 
within which the input piston member is slidable. 
[001 5] Alternatively, the control chamber may be sub- 
stantially sealed from the second chamber, the actuator 
arrangement further including means for measuring flu- 
id pressure within the control chamber and means for 
supplying fluid to the second chamber in response to 
the measured fluid pressure such that fluid pressure 
within the second chamber is maintained at a level sub- 
stantially equal to that within the control chamber, in use. 
[001 6] This provides the advantage that, as fluid is un- 
able to escape from the control chamber to the second 
chamber, there is no loss of actuation stroke. This is par- 
ticularly important in applications for which a relatively 
long actuation stroke is required. 
[0017] The actuator arrangement of the present in- 
vention may be used in a fuel injector arrangement to 
control movement of a fuel injector valve needle. The 
fluid within the control chamber may therefore conven- 
iently take the form of fuel to be delivered by the injector 
arrangement. 

[001 8] According to a further aspect of the present in- 
vention, there is provided a fuel injector comprising an 
actuator arrangement as herein described, the fuel in- 
jector comprising a valve needle which is operable un- 
der the control of the actuator arrangement, the valve 
needle being engageable with a seating to control fuel 
delivery through an injector outlet, wherein the second 
chamber is arranged to receive pressurised fuel, in use, 
through an injector inlet. 

[0019] Preferably, the second chamber withiri which 
the piezoelectric element is located is arranged within a 
flow path between the injector inlet and injector outlet. 
[0020] The invention will now be described, by way of 
example only, with reference to the accompanying fig- 
ures in which: 

Figure 1 is a schematic view of a conventional pie- 
zoelectric actuator arrangement; 



Figure 2 is a schematic view of a first embodiment 
of the actuator arrangement of the present inven- 
tion; and 

5 Figures 3 and 4 are schematic views of alternative 
embodiments. 

[0021] Referring to Figure 2, an actuator arrange- 
ment, referred to generally as 20, suitable for use in a 

10 fuel injector arrangement, includes a stack piezoelectric 
22 having a plurality of piezoelectric elements. The pie- 
zoelectric stack 22 is housed within a chamber 23 de- 
fined in an actuator housing 25. One end of the piezoe- 
lectric stack 22 abuts a part of the housiag 25 and the 

15 other end of the stack 22 cooperates with an input piston 
member24, having a diameter d jf which is slidable with- 
in an enlarged region 26a of a bore 26 provided in the 
. actuator housing 25. The bore 26 also includes a region 
26b of smaller diameter, an output piston member 30, 

20 having a diameter do which is smaller than that of the 
input piston 24, being slidable within the region 26b of 
the bore. Typically, the output piston 30 may be connect- 
ed with a valve needle (not shown) of a fuel injector ar- 
rangement such that the actuation force delivered by the 

25 output piston 30 is transmitted to the valve needle. 
[0022] The input piston 24 includes an end surface 
24a and the output piston includes an end surface 30a, 
the end surfaces 24a, 30a defining, together with the 
bore 26, a control chamber 32 for fuel which is supplied 

30 with fuel either through leakage or by means of an ap- 
propriate valve arrangement (not shown). The input pis- 
ton 24 and the enlarged region 26a of the bore 26 to- 
gether define a clearance passage 36 for fuel between 
the control chamber 32 and the chamber 23 such that, 

35 in use, fuel is able to escape from the control chamber 
32 to the chamber 23. The diameter of the clearance 
passage 36 is chosen to ensure that fuel is only able to 
escape from the control chamber 32 at a relatively low 
rate so as not to compromise operation, as will be de- 

40 scribed hereinafter. 

[0023] The axial length of the piezoelectric stack 22 
is controlled by controlling the energization level of the 
stack 22, the energization level being controlled by ap- 
plying a voltage across the stack 22. Typically, the voit- 

45 age may be applied across the stack 22 by means of an 
electrical connector (not shown) which is connected to 
a voltage supply and connecting leads which connect 
the piezoelectric stack 22 to the electrical connector. 
[0024] In use, when a voltage is applied to the piezo- 

50 electric stack 22, the axial length of the piezoelectric 
stack 22 increases, thereby moving the input piston 24 
inwardly within the enlarged region 26a of the bore 26. 
As fuel within the control chamber 32 is substantially in- 
compressible, the volume of fuel remains substantially 

55 constant during inward movement of the input piston 24. 
Inward movement of the input piston 24 is therefore 
transmitted to the output piston 30 through the fuel with- 
in the control chamber 32. It will therefore be appreciat- 
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ed that the surface 24a of the input piston 24 and the 
surface 30a of the output piston define movable bound- 
aries of the control chamber 32. As the diameter dj of 
the input piston 24 is greater than the diameter do of the 
output piston 30, the output piston 30 will be displaced 
by an amount greater than the input piston displacement 
by the ratio dj 2 /d 0 2 

[0025] Fuel pressure within the control chamber 32 al- 
so exerts a load on the piezoelectric stack 22. As fuel 
within the control chamber 32 is able to flow past the 
input piston 24 to the chamber 23 through the clearance 
passage 36, the fuel pressures within the chambers 32, 
23 will tend to equalise. Fuel pressure within the cham- 
ber 23 therefore applies a compressive load to the ex- 
terior surface of the piezoelectric stack 22 which serves 
to oppose the load applied to the stack 22 due to fuel 
pressure within the control chamber 32. The piezoelec- 
tric stack 22 is therefore said to be under hydrostatic 
compression. Distortions of the lattice of the piezoelec- 
tric material which would otherwise occur, particularly 
when axial compression of the piezoelectric stack 22 is 
increased, are therefore suppressed. The piezoelectric 
material is therefore substantially insensitive to the rel- 
atively large loads applied to the stack 22 and there is 
no Idss of displacement activity of the piezoelectric ma- 
terial as the actuation force is increased. 
[0026] As fuel is only able to escape from the control 
chamber 32 through the clearance passage 36 at a rel- 
atively low rate, any loss of the actuation stroke due to 
leakage from the control chamber 32 is negligible. In 
particular, for applications in which a relatively short ac- 
tuation stroke is required, any loss of actuation stroke 
will be insignificant. It will be appreciated that the control 
chamber 32 may be provided with any hydraulic fluid, 
and not necessarily fuel, having a viscosity which en- 
sures the rate of flow of fluid from the control chamber 
32 to the chamber 23 is sufficiently low so as to minimise 
any loss of the actuation stroke. 
[0027] Figure 3 shows an alternative embodiment of 
the invention in which like numerals are used to denote 
similar parts to those shown in Figure 2. In this embod- 
iment, a substantially fluid tight seal 38 is provided be- 
tween the input piston 24 and the enlarged region 26a 
of the bore 26. Thus, fuel within the control chamber 32 
is unable to flow from the control chamber 32, past the 
input piston 24 to the chamber 23. Instead, the housing 
25 is provided with a passage 40 which provides com- 
munication between the control chamber 32 and the 
chamber 23, the passage 40 being provided with a re- 
striction 42 which restricts the rate of fuel flow between 
the control chamber 32 and the chamber 23. By ensur- 
ing that little or no fuel can escape directly from the con- 
trol chamber 32 to the chamber 23, and by ensuring that 
fuel is only able to flow from the control chamber 32 to 
the chamber 23 via the passage 40 at a restricted rate, 
the hydraulic amplification effect provided by fuel within 
the control chamber 32 is maximised and there is little 
or no loss of actuation stroke at relatively high actuation 



forces. 

[0028] It will be appreciated. that, in practice, the ac- 
tuator housing 25 may be formed from any number of 
parts, one or more of the housing parts being provided 
5 with suitable drillings to provide the passage 40 and the 
restriction 42. 

[0029] Figure 4 shows a further alternative embodi- 
ment of the invention in which like reference numerals 
are used to denote similar parts to those shown in Ftg- 

10 ures2 and 3. In this embodiment, as shown in Figure 3, 
a substantially fluid tight seal 38 is provided between the 
input piston 24 and the enlarged diameter region 26a of 
the bore 26 to prevent fuel flow between the control 
chamber 32 and the chamber 23. Additionally, the pas- 

15 sage 40 shown in Figure 3 is removed such that there 
is no direct communication between the control cham- 
ber 32 and the chamber 23. Instead, a source of fluid 
44 is provided which supplies fluid to the chamber 23 
via a passage 46. The arrangement further includes a 

20 first pressure transducer 46 for measuring fuel pressure 
within the control chamber 32 and a second pressure 
transducer 48 for measuring fluid pressure within the 
chamber 23, the supply of fluid from the source 44 being 
regulated in response to the measured fuel pressure 

25 within the control chamber 32 such that fluid pressure 
within the chamber 23 is maintained at substantially the 
same level as that within the chamber 32. Thus, the 
force exerted on the exterior surface of the piezoelectric 
stack 22 due to fluid pressure within the chamber 23 

30 serves to oppose the force due to fuel pressure within 
the control chamber 32. Domain switching within the lat- 
tice of the piezoelectric material is therefore sup- 
pressed, as described hereinbefore, ensuring that large 
displacements of the piezoelectric stack 22 are not com- 

35 promised. 

[0030] The embodiment of the invention in Figure 4 
provides the further advantage that, as leakage from the 
control chamber 32 to the chamber 23 does not occur, 
no loss of the actuation stroke occurs. This is particularly 

40 important in circu mstances in which the period for which 
the actuation force is to be applied is relatively long. 
[0031] It will be appreciated that the fluid supplied to 
the chamber 23 in Figure 4 may conveniently take the 
form of the fuel which is supplied to the control chamber 

45 32. It will also be appreciated that the pressure trans- 
ducers 46, 48 may be any suitable means for measuring 
fluid pressure within the chambers 32, 23. 
[0032] It will further be appreciated that the diameter 
of the output piston may be greater than that of the input 

so piston such that, when the axial length of the piezoelec- 
tric stack is increased to cause movement to the input 
piston, the output piston is displaced by a smaller 
amount than the input piston by the ratio dj 2 /d G 2 . Such 
an arrangement is particularly advantageous for use in 

55 applications where relatively small displacements are 
required such as, for example, for micropositioning in 
machining applications. 

[0033] As described hereinbefore, the actuator ar- 
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rangement of the present invention is particularly suita- 
ble for use in controlling movement of a valve needle in 
a fuel injector arrangement. Preferably, the chamber 
within which the piezoelectric stack 22 is located may 
be arranged in a flow path between an injector inlet for 
fuel and an injector outlet through which fuel is delivered 
into the combustion space of the associated engine. The 
actuator arrangement may include a stack 22 of piezo- 
electric elements, as described with reference to Fig- 
ures 2 to 4, or may include a single piezoelectric ele- 
ment. 

[0034] It will be appreciated that the actuator arrange- 
ment may also be used in other applications, in partic- 
ular applications in which relatively large actuation forc- 
es are required. For example, the actuator arrangement 
may be used as an aerospace actuator. The fluid within 
the control chambers 32, 23 may therefore be any sub- 
stantially incompressible fluid and need not be fuel. 



Claims 

1. An actuator arrangement comprising a piezoelec- 
tric element (22) formed from a piezoelectric mate- 
rial, a first end of the piezoelectric element (22) co- 
operating with an input piston member (24) slidable 
within a bore (26), a surface associated with the in- 
put piston member (24) defining, in part, a control 
chamber (32) for fluid, fluid pressure within the con- 
trol chamber (32) acting on a surface associated 
with an output piston member (30), the fluid within 
the control chamber (32) being substantially incom- 
pressible such that, in use, movement of the input 
piston member (24) is transmitted to the output pis- 
ton member (30), the piezoelectric element (22) be- 
ing arranged within a second chamber (23) for fluid 
such that fluid pressure within the second chamber 
(23) exerts a force on at least a part of the surface 
of the piezoelectric element (22) which serves to op- 
pose the load exerted on the piezoelectric element 
(22) due to fluid pressure within the control chamber 
(32), thereby suppressing distortions in the piezoe- 
lectric material. 

2. An actuator arrangement as claimed in Claim 1, 
wherein the input piston member (24) has a diam- 
eter which is greater than that of the output piston 
member (30). 

3. An actuator arrangement as claimed in Claim 1, 
wherein the input piston member (24) has a diam- 
eter which is smaller than that of the output piston 
member (30) such that the output piston member 
(30) is caused to be displaced by a smaller amount 
than the input piston member (24). 

4. An actuator arrangement as claimed in any of 
Claims 1 to 3, wherein the actuator arrangement in- 



cludes a clearance passage (36; 40) which permits 
fluid to escape from the control chamber (32) to the 
second chamber (23), in use, such that fluid pres- 
sures within the second chamber (23) and the con- 
5 trol chamber (32) tend to equalise. 

5. An actuator arrangement as claimed in Claim 4, 
wherein the clearance passage (36; 40) has a re- 
stricted diameter (42) to ensure fluid flow from the 

10 control chamber (32) to the second chamber (23), 
in use, occurs at a relatively low rate. 

6. An actuator arrangement as claimed in Claim 4 or 
Claim 5, wherein the clearance passage is defined 

is by one or more drillings (40) provided in a housing 
(25) for the actuator arrangement. 

7. An actuator arrangement as claimed in Claim 4 or 
Claim 5, wherein the clearance passage (36) is de- 

20 fined between the input piston member (24) and the 
bore (26) within which the input piston member (24) 
is slidable. 

8. An actuator arrangement as claimed in any of 
25 Claims 1 to 3, wherein the control chamber (32) is 

substantially sealed from the second chamber (23), 
the actuator arrangement further including means 
(46) for measuring fluid pressure within the control 
chamber (32) and means (44, 46) for supplying fluid 
30 to the second chamber (23) in response to the 
measured fluid pressure such that fluid pressure 
within the second chamber (23) is maintained at a 
level substantially equal to that within the control 
chamber (32), in use. 

35 

9. An actuator arrangement as claimed in any of 
Claims 1 to 8, wherein the output piston member 
(30) is connected to a valve needle forming part of 
a fuel injector. 

40 

10. An actuator arrangement as claimed in any of 
Claims 1 to 8, wherein the output piston member 
(30) is a valve needle forming part of a fuel injector. 

45 ii. An actuator arrangement as claimed in Claim 9 or 
Claim 1 0, whereby, in use, the control chamber (32) 
is supplied with fuel to be delivered by the fuel in- 
jector to the combustion space of an internal com- 
. bustion engine. 

50 

12. A fuel injector as claimed in any of Claims 1 to 11 , 
comprising a stack (22) of piezoelectric elements. 

13. A fuel injector comprising an actuator arrangement 
55 as claimed in any of Claims 1 to 1 2, the fuel injector 

comprising a valve needle which is operable under 
the control of the actuator arrangement, the valve 
needle being engageable with a seating to control 



45 ii. 



50 

12. 
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fuel delivery through an injector outlet, wherein the 
second chamber (23) is arranged to receive pres- 
surised fuel, in use. through an injector inlet. 

14. A fuel injector as claimed in Claim 13, wherein the 5 
second chamber (23) is arranged within a flow path 
between the injector inlet and injector outlet. 
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(54) Actuator arrangement 

(57) An actuator arrangement comprising a piezoe- 
lectric element (22) formed from a piezoelectric materi- 
al a first end of the piezoelectric element (22) cooper- 
ating with an input piston member (24) slidable within a 
bore (26). A surface associated with the input piston 
member (24) defines, in part, a control chamber (32) for 
fluid, fluid pressure within the control chamber (32) act- 
ing on a surface associated with an output piston mem- 
ber (30). The fluid within the control chamber (32) is sub- 



stantially incompressible such that, in use, movement 
of the input piston member (24) is transmitted to the out- 
put piston member (30), the piezoelectric element (22) 
being arranged within a second chamber (23) for fluid 
such that fluid pressure within the second chamber (23) 
exerts a force on at least a part of the surface of the 
piezoelectric element (22) which serves to oppose the 
load exerted on the piezoelectric element (22) due to 
fiuid pressure within the control chamber (32), thereby 
suppressing distortions in the piezoelectric material. 
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